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Abstract. We used ion drift observations from the DE-2
satellite to study for the ﬁrst time the longitudinal variations
of middle and low latitude F region zonal plasma drifts dur-
ing quiet and disturbed conditions. The quiet-time middle
latitude drifts are predominantly westward; the low latitude
drifts are westward during the day and eastward at night. The
daytimequiet-timedriftsdonotchangemuchwithlongitude;
the nighttime drifts have strong season dependent longitudi-
nal variations. In the dusk-premidnight period, the equinoc-
tial middle latitude westward drifts are smallest in the Eu-
ropean sector and the low latitude eastward drifts are largest
intheAmerican-Paciﬁcsector. Thelongitudinalvariationsof
the late night-early morning drifts during June and December
solstice are anti-correlated. During geomagnetically active
times, there are large westward perturbation drifts in the late
afternoon-early night sector at upper middle latitudes, and
in the midnight sector at low latitudes. The largest westward
disturbed drifts during equinox occur in European sector, and
the smallest in the Paciﬁc region. These results suggest that
during equinox SAPS events occur most often at European
longitudes. The low latitude perturbation drifts do not show
signiﬁcant longitudinal dependence.
Keywords. Ionosphere (Electric ﬁelds andcurrents; Iono-
spheric disturbances; Mid-latitude ionosphere)
1 Introduction
Ionospheric plasma drifts perpendicular to the Earth’s mag-
netic ﬁeld are driven by E and F region dynamo electric
ﬁelds during geomagnetically quiet times, and also by solar
wind-magnetospheric and ionospheric disturbance dynamo
electric ﬁelds during periods of enhanced geomagnetic ac-
tivity (e.g. Blanc and Richmond, 1980; Kelley, 1989; Rich-
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mond, 1995; Fejer, 1997). Since these plasma drifts (elec-
tric ﬁelds) play important roles on the distribution of ioniza-
tion from middle to equatorial latitudes, the understanding of
their driving mechanisms and spatial and temporal variations
is essential for the development and validation of realistic
models of the ionospheric weather. In this study, we focus
on the global characteristics of F region zonal drifts.
Middle and low latitude ionospheric zonal plasma drifts
have been routinely been measured with incoherent radar
observations from Millstone Hill (42.6◦ N, 66.5◦ W; invari-
ant latitude 54◦ ), Saint-Santin (45◦ N, 2◦ E; invariant latitude
44◦), Arecibo (18◦ N, 67◦ W, invariant latitude 34◦), Shi-
garaki (34.9◦ N, 136.1◦ E, invariant latitude 33◦), and Jica-
marca (11.9◦ S, 76.8◦ W; dip latitude 1◦ N). These measure-
ments have determined the local time, season, solar cycle,
and magnetic activity dependent climatologies of the zonal
plasma drifts over the regions sampled by the radars (e.g.,
Blanc, 1983; Fukao et al. 1991; Fejer, 1991, 1993, 1997;
Oliver et al., 1993; Takami et al., 1996; Fejer et al., 2005;
Buonsanto and Witasse, 1999; Scherliess et al., 2001; Fos-
ter et al., 2002). At equatorial latitudes, nighttime zonal
drifts have also been frequently studied with zonal drift mea-
surements of ionospheric plasma irregularities using ground-
based spaced receiver and optical imaging techniques (e.g.,
Sobral et al., 1999; Martinis et al., 2003; Sheehan and Val-
ladares et al., 2004).
Global F region zonal plasma drifts have been studied us-
ing ion drift meter (IDM) measurements on board of the po-
lar orbiting Dynamics Explorer-2 (DE-2) satellite. Coley and
Heelis (1989) used DE-2 data to study the local time and al-
titudinal variations of low latitude zonal drifts. Heelis and
Coley (1992) determined the average middle and low lati-
tude DE-2 zonal drift patterns during quiet and magnetically
disturbed conditions, and studied their dependence on dy-
namo and high latitude electric ﬁelds. Coley et al. (1994)
used DE-2 IDM and wind and temperature spectrometer
(WATS) data to show that both the superrotation and the
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diurnal components of ion and neutral zonal velocities ﬂows
are strongly peaked at the dip equator. Scherliess and Fe-
jer (1998) and Fejer and Scherliess (1998) determined the
average response of middle latitude DE-2 zonal drifts to
prompt penetration and disturbance dynamo electric ﬁelds
during moderately disturbed conditions. They also showed
that these perturbation drift patterns are in good agreement
with results from incoherent scatter radar measurements and
global convection models.
There have been only a few studies of the longitudinal
variation of the ambient quiet-time F region zonal drifts. Fe-
jer (1993) and Takami et al. (1996) have discussed the re-
lationship of the F region drift velocities over Arecibo and
over the MU radar at Shigaraki. Immel et al. (2004) showed
that the zonal drifts of nighttime equatorial plasma deple-
tions observed on board the high apogee IMAGE satellite
during March–May 2002 were largest in the Indian sector.
Fejer et al. (2005) suggested that longitudinal variation of
the equatorial F region zonal drifts in the dusk-premidnight
sector should be strongly controlled by the season dependent
prerversal enhancement of the vertical plasma drifts.
Satellite and incoherent radar observations at subauroral
and middle latitudes during strongly enhanced geomagnetic
conditions have shown the occurrence of very strong, highly
localized, northward electric ﬁelds (westward ion drifts) are
due to the extension of the auroral zone to lower latitudes and
the formation of very large polarization electric ﬁelds near
the equatorward extent of the pre-midnight sunward convec-
tion (e.g., Galperin et al., 1974, 1997; Burke et al., 2000; An-
derson et al., 2001; Foster and Vo, 2002). These large elec-
tric ﬁelds generate large highly structured storm enhanced
plasma densities, steep spatial gradients in plasma parame-
ters, strong radio wave scintillations, and they strongly affect
the erosion and reconﬁguration of the outer plasmasphere
(e.g., Foster et al., 2002). The subauroral regions of large
(>500m/s) westward convection has recently been named
Subauroral Polarization Streams (SAPS) (Foster and Burke,
2002). The longitudinal distribution of these large westward
zonal drifts has not been determined.
In this work we use entire database of middle to equato-
rial latitudes DE-2 observations to study, for the ﬁrst time,
the longitudinal dependence of the ionospheric zonal plasma
drifts. In the next sections, we ﬁrst brieﬂy describe the IDM
(Ion Drift Meter) measurements on board the DE-2 satel-
lite and our database and methodology. Then, we describe
the season and latitude dependent longitudinal variations of
these plasma drifts during quiet and geomagnetically active
times.
2 Data and methodology
The Dynamics Explorer 2 satellite was launched in August
1981 into a 90◦ inclination orbit. This mission ended in
February 1983. The apogee was near 1200km, and the
perigee near 280km. The ascending node (location of the
northbound equatorial crossing) passed through an entire
24h period in 12 months. Therefore, local time and sea-
son were locked together. The data near dawn and dusk
were measured during the summer and winter solstices,
and the data near noon and midnight were obtained dur-
ing the equinoxes. We have used 16s averaged IDM zonal
drifts. The characteristics of the instrument were described
byHeelisetal.(1981). Thesensitivityoftheiondriftcompo-
nent perpendicular to the satellite track was about 5m/s, and
the absolute accuracy was about 10m/s. Even though the in-
strumentmeasuredthezonaldriftinthegeographiceast-west
direction, these drifts were dominated by the geomagnetic
east-west ExB ion motion (Heelis and Coley, 1992).
We have used data from the altitudinal range of 280 to
800km to minimize the effects of light ions at upper alti-
tudes. At the magnetic equator, these altitudes correspond
to invariant latitudes of about 10◦ and 20◦, respectively. We
have also restricted our data to altitudes between 400 and
800km for invariant latitudes smaller than 15◦ during 19:00
and 23:00 LT, to minimize the effects of the shear in the zonal
drifts below the F region peak. In order to account for altitu-
dinal variations, the drifts were mapped along the magnetic
ﬁeld lines to a height of 400km using the procedure pre-
sented by Jacobsen et al. (1996), which assumes equipoten-
tial magnetic ﬁeld lines. When ion density data were avail-
able, we restricted our database to drift measurements cor-
responding to densities greater than 2×104 cm−3. Density
measurements were not available from November 1981 to
February 1982 due to a malfunction of the retarding poten-
tial analyzer (RPA).
Figure 1 shows that the number of measurements in three
latitudinal sectors as a function of solar local time (SLT). The
total number of observations during quiet (Kp≤3) and dis-
turbed (Kp>3) times was about the same, but they decreased
signiﬁcantly with latitude. The numbers are smallest during
00:00–04:00 LT and 12:00–16:00 LT, which correspond to
solsticial periods. Only the 04:00–08:00 LT period have suf-
ﬁciently large number of measurements for the reliable esti-
mates of the hourly average drifts during two different sea-
sons (summer and winter). Therefore, this is also the only
period when we have been able to determine the longitudinal
dependence of the drifts during different seasons. The 16s
integration time in the DE-2 polar orbit resulted in about 12
data points in a 10◦ latitudinal range.
We have initially determined the latitudinal and local time
dependence of the longitudinally averaged drifts by averag-
ing the data in one hour and 5◦ latitudinal bins for 3<60◦,
separately for the northern and southern hemisphere data.
We have used both solar and magnetic local times in our
analysis with essentially identical results. Most of our re-
sults will be presented as a function of solar local time since
this allow an easier comparison with radar data; the midlat-
itude disturbed drifts will be shown as a function of mag-
netic local time. The study of seasonal, longitudinal and
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Figure1 
Fig. 1. Number of DE-2 zonal drift measurements in three latitudi-
nal sectors during geomagnetically quiet and active times.
magnetic activity effects required larger temporal and spa-
tial bins to improve statistical signiﬁcance. In this case, we
binnedthedatainsixfourhourperiods, threefourmonthsea-
sons (November–February, May–August, March–April and
September–October), and in 10◦ latitudinal, and 60˚ over-
lapping longitudinal bins centered 30◦ apart, and with peri-
odic boundary conditions.
3 Quiet-time drifts
In this section, we present initially the latitudinal and local
time proﬁles of the longitudinally averaged quiet-time zonal
drifts, and then examine their longitudinal dependence.
3.1 Latitudinal and local time dependence
Figure 2 shows the latitudinal variations of longitudinally av-
eraged quiet-time (Kp≤3) zonal drifts. The daytime drifts
are westward and have largest values (about 80m/s) near
noon and at low latitudes; the evening drifts are small and
mostly westward except at the lowest latitudes. After sun-
set, they are westward at the highest latitudes, they change
to eastward for 3=45◦, and reach their peak values (about
150m/s) at the lowest latitudes. The northern and southern
hemisphere data are in good agreement, as expected from
the conjugacy of the meridional electric ﬁelds. The results
presented in Fig. 2 are in good agreement with the latitudi-
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Figure 2 
Fig. 2. Examples of latitudinal proﬁles of quiet-time (Kp≤3) aver-
age zonal drifts (positive eastward) measured by DE-2 during 1982.
The scatter bars denote the standard deviations.
nal proﬁles derived by Scherliess (1997) from lower altitude
(300km) DE-2 IDM data. The lowest latitude (3=15◦) drifts
arealsoingoodagreementwithJicamarcaradarobservations
(e.g., Fejer et al., 2005).
Figure 3 shows the local time dependence of the longitu-
dinally averaged zonal drifts in 5 latitudinal sectors. In this
case, we smoothed the data using three point running aver-
ages weighted by the standard deviations. Since local time
and season were locked together in the DE-2 measurements,
the drifts at different local times sectors correspond to differ-
ent seasons. The large standard deviation at 10:30 LT results
from a DC offset in the 1981 data, which required a 50m/s
correction. Figure 3 indicates that our highest latitude drifts
are westward with typical magnitudes of about 30–50m/s,
except in the morning-noon period when they ﬁrst decrease
in magnitude, and then brieﬂy reverse to eastward. The low
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Figure 3  Fig. 3. Longitudinally averaged quiet-time DE-2 zonal drift veloci-
ties in ﬁve latitudinal sectors.
latitude (3<30◦), the drifts are westward during the day with
typical values of 40m/s, and eastward at night with largest
values (up to about 170 m/s) in the premidnight sector. These
latitudinalproﬁlesareingoodagreementwiththeresultspre-
sented by Heelis and Coley (1992) and, at the lowest lati-
tudes, they are also in good agreement with the Jicamarca
drifts (Fejer et al., 2005)
3.2 Longitudinal dependence
The DE-2 zonal drift database is not extensive enough for
the study of longitudinal variations in hourly periods. There-
fore, we examined this dependence using 4h local time bins
to improve the statistical signiﬁcance of our results, which
still allowed us to largely decouple longitudinal and seasonal
effects. Initially, we have determined the relative zonal drifts
by subtracting from each measurement the corresponding
longitudinally averaged hourly value. Then, we determined
the longitudinal variation of the relative drifts using 4h local
time bins, 10◦ latitudinal bins, and 60◦ overlapping longitu-
dinal bins centered 30◦ apart, with periodic boundary con-
ditions. We should note that these residual drifts are more
accurate than the absolute values, since instrumental offsets
should be subtracted out through this procedure.
Figure 4 shows the longitudinal variation of the quiet-time
(Kp≤3) northern and southern hemisphere relative drifts
during 20:00–24:00 LT, which corresponds to equinoctial
conditions. In this case, the standard deviations of the mean
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Figure 4 
Fig. 4. Longitudinal variations of early night northern and southern
hemisphere quiet-time average relative zonal drift velocities in ﬁve
longitudinal sectors.
varied from about 10m/s at 55◦ to about 30m/s at 15◦. Fig-
ure 4 indicates that the largest relative drifts occur between
about −10◦ and 70◦ at upper middle latitudes, and from
−150◦ to −60◦ at low latitudes. The peak to peak values are
about 40–50m/s. Notice that, as shown in Fig. 3, in this local
time sector the longitudinally averaged drifts are westward at
upper mid-latitude drifts and eastward at low latitudes. Fig-
ure 5 illustrates in more detail the good agreement of the
northern and southern hemisphere data. In this case, we have
used 13 normalized cubic b-splines at equally spaced nodes
for each latitudinal bin, and interpolated the resulting data to
generate a grid of 20 points in latitude by 20 in longitude.
This ﬁgure shows the interpolated data down to invariant lat-
itudes of 10◦ even though our data were restricted to higher
latitudes, as shown in Fig. 2.
We have seen in Fig. 2 that the northern and southern
hemisphere longitudinally averaged drifts are in good agree-
ment, and in Figs. 4 and 5 that the same is true for their
longitudinal variations during the 20:00–24:00 local time pe-
riod. The patterns from both hemispheres were consistent
also during the other 4h local time periods; therefore, from
nowon, weshowonlyresultsobtainedbycombiningthedata
from both hemispheres, which further improves their statis-
tical signiﬁcance.
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Figure 5 
Fig. 5. Longitudinal and latitudinal dependence of average quiet-
time relative zonal plasma drifts in the early night sector.
Figure 6 shows in the top panel the longitudinal depen-
dence of the quiet-time equinoctial relative drifts in the pre-
midnight sector. The bottom panel shows the estimated lat-
itudinal and longitudinal dependence of the drift velocities
at 22:50 LT, obtained by combining the hourly and longi-
tudinally averaged drifts given in Fig. 3, and the longitude
dependent relative drifts given in the top panel. At this local
time, the drifts are westward at upper middle latitudes, with
smallest magnitudes near 60◦ E; they change to eastward at
3=45◦ near 30◦ E, and at 3=40◦ near 180◦ E. The low lati-
tude eastward drifts have largest values (up to about 180m/s)
between about 30◦ and 120◦ W. The latitudinal variations of
these early night drifts are strongest (weakest) near 150◦ W
(150◦ E). The zonal drifts shown in the bottom panel of Fig. 6
are in good agreement with results from middle, low latitude
and equatorial radar drift measurements (e.g., Fejer, 1993;
Scherliess et al., 2001; Fejer et al., 2005).
We have seen in Fig. 1 that the number of measurements
during 00:00–04:00 LT, which correspond to June and De-
cember solstice, was relatively small. Therefore, in this case,
we have averaged the data from these two seasons. The re-
sulting the longitudinal dependence is generally similar to
that shown in Fig. 4, but shifted eastward by about 80◦, and
with smaller peak to peak variations.
The most extensive DE-2 drift measurements were made
during the 20:00–24:00 and 04:00–08:00 LT. The latter pe-
riod, whichcorrespondedtothesolstices, istheonlyonewith
large enough number of measurements for the study of lon-
gitudinal effects during different seasons. In this case, the
June solstice data are almost exclusively from 1982, while
the December solstice data are mostly from 1981 and 1982.
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Figure 6  Fig. 6. Latitudinal and longitudinal dependence of relative zonal
drifts (positive eastward) obtained by averaging the northern and
southern hemisphere quiet-time relative drifts (upper panel). Lati-
tudinal and longitudinal variations of the zonal drift velocities ob-
tained by adding the relative drifts shown in the upper panel and the
longitudinally averaged values at 22.5 LT (lower panel).
We have determined the longitudinal variation of the relative
drifts during this period using the same procedure outlined
earlier. Figure 7 shows that during this early morning period
the longitudinal variations of the June and December solstice
residual drifts are mostly anti-correlated. During Decem-
ber solstice, the largest relative drifts occur at about 30◦ E
at higher latitudes, and near 90◦ W at low latitudes, while
during June solstice they occur at about 90◦ W and 120◦ E,
respectively. The peak-to-peak variations of these drifts are
about 40m/s.
Figure 8 shows the derived longitudinal variations of the
zonal drifts at 05:30 LT, obtained by adding the longitudi-
nally averaged and corresponding longitude dependent rel-
ative drifts for the solstices. Notice that the zonal drifts
at 05:30 LT shown in Fig. 3, are longitudinal averages of
the corresponding June and December solstice values. Fig-
ure 8 shows that the December solstice drifts are westward
at middle latitudes with largest magnitudes (about 75m/s)
near 15◦ E and eastward at the lowest latitudes. During
June solstice the region of westward drifts is shifted about
5◦ equatorward, with maximum values (about 55m/s) near
170◦ E; the higher (lower) latitude drifts are eastward with
larger (lower) values than during December. Late night-early
morning radar observations show larger westward drifts dur-
ing December solstice than during June solstice over Arecibo
(Fejer, 1993) and opposite results over the MU radar (Takami
et al., 1996), in good agreement with the results presented in
Fig. 8.
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Figure 7 
Fig. 7. Longitudinal variation of the late night-early morning quiet-
time relative zonal drifts during June and December solstice in ﬁve
longitudinal sectors.
The longitudinal dependence of the relative zonal drifts
during 08:00–12:00 LT is approximately anti-correlated to
that during 20:00–24:00 LT shown in Fig. 4, but with peak
to peak values about half as large. In the 12:00–16:00 LT
period the relative zonal drifts have only small magnitudes
and longitude dependence. Finally, in the 16:00–20:00 LT
period, the longitudinal variation of the relative drifts resem-
bles that of the 20:00–20:00 LT period shown in Fig. 4 but
with smaller magnitudes, since this period also includes day-
time drifts.
4 Disturbed drifts
Figure 9 shows the latitudinal variation of the longitudinally
averaged quiet and disturbed drifts now as a function of
magnetic local time. For 3>50◦, the disturbance (differ-
ence between disturbed and quiet time) drifts are eastward
from about 02:00 to 12:00 MLT, and westward at other lo-
cal times. These westward drifts are largest near 20:00 MLT,
where they reach average values of about 300m/s for Kp∼5.
At the lower latitudes, the perturbation drifts are westward
at all local times, and have largest values near midnight for
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Figure 8 
Fig. 8. Latitudinal and longitudinal dependence of quiet-time zonal
drifts at 5.5 LT during December and June solstice.
30◦<3<50◦ and in the postmidnight sector at the lowest lat-
itudes; the daytime disturbance drifts are very small.
The results shown in Fig. 9 are in good agreement with
the DE-2 drift patterns presented by Heelis and Coley (1992)
and Scherliess and Fejer (1998). They are also consis-
tent with the middle, low and equatorial perturbation drifts
derived from incoherent scatter radar observations (Blanc,
1983; Fejer, 1993, 1997; Scherliess et al., 2001), and with
ionosonde derived drifts over Bundoora, Australia (141.1◦ E,
37.7◦ S, 49◦ S magnetic) (Parkinson et al., 2001). These ear-
lier studies have shown that mid-latitude disturbance drifts
are largely due to the equatorward extension of auroral elec-
tric ﬁelds; the lower latitude perturbation drifts are mostly
due to prompt penetration and disturbance dynamo electric
ﬁelds.
We have seen that the largest middle latitude perturbation
drifts occur near 21:00 MLT. Figure 10 shows the longitudi-
nal dependence of the quiet and disturbed drifts in the 18:00–
22:00 MLT sector for 50◦<3≤60◦. This ﬁgure shows that
for 60≥3>50◦ the European sector has the smallest west-
ward drifts during quiet times, but the largest during geo-
magneticactiveperiods. For50◦>3>40◦, themagnitudesof
the disturbed drifts are signiﬁcantly smaller, but they are still
largest in the European sector. Similar results were obtained
inthe19:00–23:00and20:00–24:00MLTsectors. Thelongi-
tudinal dependence of the low latitude drifts, which are east-
ward with largest magnitudes between 22:00–04:00 MLT,
cannot be inferred from our data.
The DE-2 satellite often measured very large westward
drifts in the late afternoon - midnight sector. Figure 11 shows
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Fig. 9. Longitudinally averaged zonal drift velocities during geo-
magnetically quiet (Kp≤3) and disturbed (Kp>4) conditions.
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Figure 10 
Fig. 10. Longitudinal dependence of quiet (Kp≤3) and disturbed
(Kp>4)zonaldriftsvelocitiesatuppermiddlelatitudes. Thescatter
bars denote the standard deviations.
thepercentageofoccurrenceofverylargewestwarddriftsfor
Kp>4 in the 18:00–22:00 MLT sector. The total number of
drift measurements with Kp>4 in each of the two latitudinal
bins shown in Figure 11 was about 2000; the number of data
points with westward drifts larger than 600 (800) m/s was
411 (259) in the higher latitudinal bin and 110 (74) in the
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Fig. 11. Percentage of occurrence of early night large westward
drifts at upper middle latitudes for Kp>4.
lower one. This Figure shows a large peak in the European
sector, a secondary peak at about 150◦ E; and a broad mini-
mum in the Paciﬁc sector in the upper latitudinal bin, and the
sharp decrease in the frequency of occurrence of these large
velocities with latitude. The 19:00–23:00 MLT data showed
similar longitudinal dependence, but with smaller frequen-
cies of occurrence, and the 20:00–24:00 MLT data showed
a large decrease in the frequency of occurrence in the Eu-
ropean sector and again a signiﬁcantly larger occurrence at
eastern longitudes than at westerns longitudes.
Assuming that the extension of auroral convection veloci-
ties to lower latitudes should generally be longitude indepen-
dent, these data suggest that the frequency of occurrence of
SAPS events during equinox should be highest in the Euro-
pean sector. The 2000–2400 data also showed an increase
in the occurrence of these large velocities for 45◦<3<55◦,
which is consistent with the increase in the frequency of oc-
currence of SAPS events at lower latitudes with increasing
magnetic local times (Foster and Vo, 2002).
At latitudes below 40◦, the disturbed drifts are signiﬁ-
cantly smaller and so appears to be their longitudinal de-
pendence. The perturbation drifts at these latitudes should
mostly be due disturbance dynamo electric ﬁelds (e.g., Blanc
and Richmond, 1980). Therefore, our results suggest that
low latitude disturbance dynamo meridional electric ﬁelds
do not have strong longitudinal dependence during late af-
ternoon -midnight equinoctial periods.
5 Summary
We have studied the latitudinal and longitudinal dependence
of the middle and low latitude zonal plasma drifts measured
by the DE-2 satellite. Our results indicate signiﬁcant lati-
tude dependent longitudinal variations of the quiet time drifts
from evening to early morning hours at all seasons. The
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quiet-time eastward relative drifts in the premidnight sec-
tor are largest in the European sector at upper middle lati-
tudes and in the American – Paciﬁc sector a low latitudes.
The longitudinal variations of the late night-early morning
relative drifts during June and December solstice are anti-
correlated; the daytime drift do not change much with longi-
tude. The zonal perturbations drifts resulting enhanced geo-
magnetic activity are westward and have largest values in the
upper middle latitudes and in the evening and early night pe-
riods. During equinox, the upper middle latitude disturbance
drifts are largest in the European sector. Our results suggest
that during equinox SAPS events occur most often over the
European sector. The low latitude disturbance drifts during
equinox are largest in the midnight sector and do not appear
to have strong longitudinal dependence.
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